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vent  rocket  ("Hi-Lo")  used  as  an  igniter  in  the  NOL  ignition 
research  program.  Described  are  the  theoretical  and  e:q)erimen- 
tal  methods  used  to  predict  the  transient  internal  ballistics 
of  the  igniter  and  to  define  the  physical-chemical  and  hydro- 
dynamic  characteristics  of  the  Igniter  output.  The  output 
parameters  evaluated  are  the  rates  and  quantities  of  mass  and 
thermal  energy  discharged  from  the  igniter  during  a  shot  and  the 
velocity  and  flame  pattern  of  the  vented  igniter  products. 
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13  November  1962 


The  work  reported  here  was  carried  out  under  Task  RMMP-22064/ 
212-I/POO9-O6-04,  0/M  Ignition  Research.  A  vital  part  of  a 
scientific  study  of  solid-rocket  Ignition  Is  a  quantitative 
characterization  of  the  Ignltlon-energy  source.  This  report 
treats  a  performance  evaluation  made  of  a  rocket-type  Ignition 
system  called  the  "Hl-Lo“  Igniter,  that  Is  used  to  Ignite  the 
NOL  Ignition-research  rocket.  A  description  Is  given  of  the 
techniques  that  can  be  used  to  predict  the  Internal  ballistics 
and  what  are  believed  to  be  Important  output  parameters  of  the 
Igniter, 
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LIST  OP  SYMBOLS 

I  -  Symbols  In  Roman  Lettering 
«  linear  bumirig-rate  coefficient 

-  norzle  exit  area 

I 

=  nozzle  throat  area 

■  coefficient  constant  in  empirical  ballistic 
correlation  (Eq.  (12)) 

s  eroonent  constant  in  empirical  ballistic  correlation 

(Eq.  (12)) 

s  nozzle  discharge  coefficient 
*  specific  heat  capacity  at  constant  pressure 
«  diameter 

<=  initial  pellet  diameter 

»  specific  enthalpy  in  the  igniter  combustion  chamber 
“  specific  enthalpy  at  nozzle  exit  conditions 
=  Inpetus 

-  ratio  of  pellet  surface  to  nozzle  throat  area 
*=  length 

-  initial  pellet  length 

«=  quantity  of  igniter  mass  vented  from  the  igniter 
=  initial  charge  weight  of  ignition  material 

-  change  in  the  quantity  of  igniter  output  with  time 

»  Incremental  change  in  the  quantity  of  igniter  output 
=  rate  of  venting  of  igniter  output 
=  molecular  weight  of  combustion  products 
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N  ■  number  of  Ignition  material  pellets 

n  «  linear  burning-rate  exponent 

P  =  pressure 

=  combustion  chamber  pressure 
(Pp)„„  =  maximum  Igniter  chamber  pressure 

Pg  =  pressure  of  Igniter  products  at  nozzle  exit  conditions 

P  =  gas  static  pressure  In  non-vent  vessel 

O 

qg  =  quantity  of  thermal  energy  vented  from  the  Igniter 

«  rate  of  venting  of  thermal  energy  from  the  igniter 
R  =  universal  gas  constant 

r  =  linear  burning  rate 

S  =  burning  surface  of  propellant  or  Ignition  material 

Sq  »  Initial  burning  surface  of  Ignition  material 

«=  combustion  chamber  temperature 

Tg  =  tenqperature  of  igniter  products  at  nozzle  exit  conditions 
«=  reference  ten^erature 

T  =  gas  static  tenperature  in  non-vent  vessel 

O 

Tg  =  surface  tenperature 

t  =  time 

V  =  volume  of  non-vent  vessel 

»  Igniter  chamber  volume  (enpty) 

V-p  =  Igniter  free  volume  (loaded) 

(Vp)  =  Initial  free  volume  In  Igniter 

Vg  =  exit  velocity  of  Igniter  output 
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T  ■  time  Interval 
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I.  INTRODUCTION 


A.  BACKGROUND 

The  objective  of  the  NOL  ignition  research  program  is  to 
provide  design  criteria  for  solid-rocket  Igniters.  The  program 
is  based  on  a  scientific  study  of  the  physical -chemical'  and 
hydrodynamic  phenomena  that  take  place  when  a  rocket  is  ignited 
by  a  rocket-ln-rocket  type  ignition  system.  The  plan  of  the 
program  is  to  make  theoretical  and  e:5)erimental  studies  of: 

1.  The  igniter  performance  (the  internal  ballistics  and 
venting  of  mass  and  energy). 

2.  The  distribution  of  the  igniter  output  in  a  rocket  motor 
and  the  absorption  of  the  energy  by  the  propellant  grain. 

3.  The  ignition  characteristics  of  the  rocket  propellant 
exposed  to  the  igniter  output. 

It  is  hoped  that  an  understanding  of  these  processes,  and  the 
interrelations  among  them,  will  result  in  engineering- type 
.f«telatlons  that  will  describe  the  function  of  the  igniter  in 
Ignition  and  thus  lead  to  igniter-design  criteria. 

Before  a  practical  scientific  study  of  rocket  ignition  is 
possible  it  is  necessary  to  have  a  realistic  ignition  system  of 
predictable  performance.  In  the  past,  some  of  the  devices  that 
have  been  used  as  igniters  by  various  researchers  are:  the  arc- 
image  (3,4),  the  locked- stroke  (adiabatic)  compressor  {5>7)i  the 
shock-tube  (6, l4),  and  the  rocket-ln-rocket  system  -  a  small 
rocket  used  to  ignite  a  larger  rocket  (8,11,19). 

In  the  NOL  ignition  work,  a  type  of  rocket-ln-rocket  igni¬ 
tion  system  called  the  "Hi-Lo"  igniter  is  used.  This  igniter 
derives  its  name  from  the  fact  that  its  chamber  pressure 
remains  higher  than  that  in  the  rocket  to  be  ignited  during  all 
or  part  of  the  ignition  interval;  that  is,  the  period  when  the 
rocket  is  approaching  its  equilibrium  chamber  pressure.  The 
igniter  can  best  be  described  as  a  small  mono-vent  rocket  that 
uses  propellant  or  pyrotechnic  pellets  as  ignition  material. 

To  date,  the  emphasis  of  the  research  has  been  on  the  evalu¬ 
ation  of  the  performance  of  the  "Hl-Lo"  Igniter.  The  methods 
used  for  this  evaluation  and  the  progress  made  in  characterizing 
the  Igniter  performance  are  the  topics  of  this  report. 
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The  "Hi-Lo"  igniter  was  chosen  for  the  NOL  program  because 
it  offers  several  advantages: 

1.  Ignition  energy  can  be  supplied  to  a  rocket  under  the 
wide  variety  of  thermodynamic  and  hydrodynamic  conditions 
needed  for  a  comprehensive  and  realistic  study  of  the  ignition 
phenomenon. 

2.  Many  of  the  ballistic  equations  used  to  describe  large- 
rocket  performance  can  also  be  used  to  predict  the  igniter 
internal  ballistics  and  output. 

3.  The  pressurization  of  the  igniter  can  be  made  indepen¬ 
dent  of  the  rocket  pressurization  over  the  ignition  Interval  by 
a  proper  choice  of  the  internal-ballistic  parameters  of  the 
igniter. 

4.  The  operation  of  the  Igniter  during  the  ignition 
Interval  is  such  that  the  most  efficient  use  of  the  igniter 
output  by  the  rocket  grain  can  be  realized.  This  is  so  because 
the  igniter  delivers  its  output  at  a  maximum  rate  when  the  grain 
is  most  receptive  and  at  a  decreasing  rate  when  the  motor  is 
approaching  its  operating  pressure. 

5.  Rocket-ln-rocket  igniters  have  been  used  successfully 
for  the  ignition  of  in-service  rockets.  Thus,  the  use  of  a 
practical  ignition  system  in  the  ignition  research  program 
provides  a  direct  and  immediate  application  of  the  research 
results  to  the  design  of  operational  igniters. 

One  disadvantage  of  using  the  "Hl-Lo"  Ignltei*  as  a  research 
tool,  however,  is  that  the  pressurization  of  the  igniter  by  the 
Ignition-material  combustion  products  is  a  completely  transient 
process.  This  is  the  result  of  the  short  duration  of  the  com¬ 
bustion  process,  heat  losses,  the  regressive- burning  character¬ 
istics  of  the  ignition  pellets,  and  to  a  lesser  extent,  the 
change  in  the  combustion-chamber  free  volume  as  the  Igniter 
pellets  bum.  The  end  result  of  this  transient  behavior  is 
that  the  Internal-ballistic  equations  used  with  large,  long- 
burning  rockets  must  be  modified,  or  at  least  carefully  evalua¬ 
ted,  before  they  can  be  applied  to  an  analysis  of  the  "Hl-Lo" 
igniter  performance.  This  is  particularly  true  if  the  ignition 
material  used  produces  significant  amounts  of  non-gaseous 
combustion  products. 
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B.  DESCRIPTION  OP  THE  "HI-LO"  IGNITER 

The  general  design  characteristics  of  the  NOL  "Hi-Lo" 
igniter  are  illustrated  in  a  photograph  (Pig.  l)  and  a  cross- 
sectional  view  (Pig.  2).  The  basic  design  features  are;  a 
small,  barrel-shaped  combustion  chamber  (maximum  volume  of  20cc); 
a  De  Laval  nozzle  (with  variable  throat  and  exit  areas);  a 
ceramic- coated  screen  between  the  combustion  chamber  and  the 
convergent  section  of  the  nozzle  (to  prevent  pellets  from  "blow¬ 
ing  out"  of  the  chamber);  and  electrodes  to  conduct  electric 
current  to  an  exploding  bridge  wire,  squib  or  "electric  match" 
used  to  ignite  the  pellets  In  the  chamber.  The  igniter  is 
designed  to  withstand  a  maximum  pressure  of  68O  atm  over  a 
maximum  burning  time  of  about  I60  milliseconds. 

In  the  NOL  program,  the  performance  of  the  igniter  has  been 
varied  (l)  by  varying  the  weight  of  ignition  material  charged  to 
the  igniter,  (2)  by  using  Ignition-material  pellets  of  different 
sizes  and  chemical  composition,  (3)  by  varying  the  throat  and 
exit  areas  of  the  igniter  nozzle  and  (4)  by  varying  the  volume 
of  the  combustion  chamber.  By  a  systematic  variation  of  these 
parameters  (different  "shot  conditions")  it  is  possible  to  obtain 
a  wide  range  of  igniter  output  characteristics  needed  for  a  fair¬ 
ly  complete  study  of  rocket  ignition. 

Additional  information  on  the  Igniter  design  (12. 16),  the 
instrumentation  designed  for  use  with  the  Igniter  (2),  and  the 
role  of  the  Igniter  in  the  NOL  ignition  program  (if)  have,  or 
will  be,  reported. 

The  ignition  material  used  in  the  igniter  consists  of  small 
cylindrical-pellets.  Three  different  chemical  compositions  of 
ignition  material  have  been  studied  in  the  NOL  program.  One 
composition,  M2  propellant,  is  a  double-base  material  (lO). 
Another  composition,  specially  developed  for  the  NOL  ignition 
work,  consists  of  a  double-base  material  and  a  metal  additive 
(22).  The  third  composition,  a  commonly  used  ignition  material, 
consists  of  an  oxidizer  plus  a  metal  additive  (13).  In  this 
report,  these  last  two  compositions  will  be  called  "Ignition 
Materials  B  and  C",  respectively. 

In  Table  I,  the  available  (or  estimated)  chemical,  physical, 
thermodynamic,  and  ballistic  properties  of  the  ignition  mater¬ 
ials  are  tabulated.  As  noted  from  the  table,  it  is  possible  to 
obtain  a  wide  range  of  solid-to-gas  ratios  of  ignition  material 
combustion  products;  ranging  from  94^  in  the  case  of  Ignition 
Material  C  to  almost  0^  in  the  case  of  the  M2  composition. 
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FIG.  I  AN  EXPLODED-VIEW  PHOTOGRAPH  OF  THE  "HI-LO"  IGNITER 
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FIG.  2  A  SCHEMATIC  DRAWING  OF  THE  HI-LO"  IGNITER 


TABLE  I  A  TABLE  OF  THE  PHYSICAL,  CHEMICAL.  THERMODYNAMIC  AND  BALLISTIC 
PROPERTIES  OF  THREE  IGNITION  MATERIALS 
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Ignition  Materials  B  and  C  were  first  used  in  the  e:q?eri- 
mental  work  since  the  latter  was  a  commonly  used  ignition 
material  and  the  former  appeared  to  be  a  promising  ignition- 
material  composition.  As  will  be  shown,  the  evaluation  of  the 
igniter  output  and  internal  ballistics  with  the  use  of  these 
materials  presented  numerous  complications  because  of  the  non- 
gaseous  phases  in  the  combustion  products  (see  Table  1). 
Therefore,  it  was  decided  to  concentrate  on  the  use  of  an 
ignition  material  that  produces  essentially  all  gaseous  com¬ 
bustion  products;  that  is,  the  M2  material.  (The  use  of  an 
essentially  gaseous  igniter  output  also  simplifies  the  analyti¬ 
cal  treatment  of  the  igniter-product  distribution  in  the  NOL 
research  rocket). 

Approximately  400  Igniter  shots  have  been  made  using  the 
three  ignition  materials.  A  fast-response  pressure  probe  (a 
crystal  transducer)  is  used  to  measure  the  pressure  developed  in 
the  igniter.  The  response  of  the  probe  is  fed  through  an  elec¬ 
trometer  circuit  to  a  recording  oscillograph.  A  digital- 
computer  program  (lEM  7090)  is  used  to  convert  the  Vaw”  data 
from  the  probes  into  pressure-time  and  Integral-pressure-tlme 
data . 


Reproducibility  of  the  igniter  shots,  based  on  at  least 
three  repeats  of  the  same  shot  condition,  is  satisfactory.  For 
Ignition  Materials  B  and  C,  fired  under  a  variety  of  shot  con¬ 
ditions,  the  maximum  pressures  developed  in  the  igniter  for  the 
repeat  shots  show  a  standard  deviation  from  the  mean  of  ±5^  (see 
Tables  3  and  4).  For  M2  pellets,  the,  deviation  from  the  mean  is 
about  ±10^  (see  Table  2).  Further  refinement  of  the  igniter  and 
pellet  design  is  planned  in  order  to  Improve  the  reproducibility 
of  the  M2  shots  even  further. 

C.  SCHEME  FOR  EVALUATING  IGNITER  PERFORMANCE 

The  objectives  of  the  igniter  studies  are  threefold;  (l]  to 
find  the  best  means  of  predicting  the  Igniter  performance;  (2) 
to  evaluate  the  relative  Inqportance  of  each  oerformance  charac¬ 
teristic  in  the  ignition  of  a  rocket;  and  (3;  to  determine  how 
much  control  of  the  performance  characteristics  is  possible 
with  the  present  design  of  the  "Hl-Lo"  Igniter. 

The  performance  characteristics  of  the  igniter  are  grouped 
into  two  broad  categories:  (l)  the  internal  ballistic  parameters; 
and  (2)  the  output  parameters.  An  understanding  of  the  output 
parameters  is  of  major  importance  since  the  output  directly 
affects  the  ignition  of  a  rocket.  Data  on  the  intemal-baillstlc 
parameters  are  of  value  in  determining  the  output  parameters  and 
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In  providing  information  for  modifying  or  scaling-up  the 
igniter. 

The  procedures  used  to  evaluate  the  performance  of  the 
Igniter  are  summarized  in  Fig.  3*  The  evaluation  techniques 
will  he  presented  according  to  the  following  outline: 

Determination  of  Igniter  Internal  Ballistics 

The  first  section  of  this  report  will  discuss  in  order, 
the  following  methods  that  have  been  used  to  characterize  the 
igniter  internal  ballistics: 

1.  Theoretical  Prediction  of  Igniter  Pressurization  -  based 
on  a  model  used  to  describe  the  burning  of  the  igniter 
pellets  in  terms  of  the  igniter  geometry  and  the  physical, 
thermodynamic  and  ballistic  properties  of  the  ignition 
material . 

2.  Experimental  Determination  of  Ignition-Material  Ballistic 
and  Thermodynamic  Properties  -  based  on  experiments 
performed  in  a  closed-bomb  and  a  non- vent  vessel  (a  rocket 
casing  with  "plugged"  nozzle  into  which  the  igniter  is 
vented). 

3.  Empirical  Correlation  of  Measured  Igniter  Pressure  Data  - 
based  on  empirical  equations  which  relate  the  maximum 
pressure  developed  in  the  igniter  to  the  igniter  shot 
conditions. 


Output  Parameters 

The  second  section  of  this  report  will  discuss 
the  methods  that  have  been  used  to  characterize  the  Igniter  out¬ 
put.  These  methods  make  use  of  the  internal -ballistic  studies 
and  studies  made  of  the  igniter  output  as  it  is  discharged  ^to 
vented  and  non-vented  vessels. 

Based  on  a  study  made  of  the  physical-chemical,  hydrodynamic 
and  engineering  factors  Involved  in  rocket  ignition  (17)i  the 
characterization  of  the  igniter  output  has  been  divided  into  a 
study  of  four  parameters: 

1.  The  MASS  Output 


a.  Quantity  of  Mass  -  based  on  a  study  of  the  deposi- 
tion  and  accumulation  of  igniter  products  inside 
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BLOCK  DIAGRAM  OUTLINE  OF  THE  IGNITER  -  EVALUATION  SCHEME 
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the  igniter. 

b.  Mass  Venting  Rate  -  based  on  (l)  the  predicted 
(theoretical  model)  or  measured  pressurization  0^ 
the  igniter  and  suitable  ballistic  relationships 
and  (2)  the  pressurization  rate  of  a  non- vent 
vessel  into  which  the  igniter  is  vented. 

2.  The  THERMAL  ENERGY  Output 

a.  Quantity  of  Thermal  Energy  -  based  on  an  analysis 
of  the  expansion  of  igniter  products  in  the  igniter 
nozzle. 

b.  Thermal -Energy  Venting  Rate  -  based  on  nozzle-flow 
studies  and  mass  output-rate  data. 

3.  The  EHT  VELOCITY  of  the  Igniter  Products 

a.  Gaseous  Output  -  based  on  isentroplc-flow  rela¬ 
tionships 

b.  Non-Gaseous  Output  -  based  on  a  photographic  study 
0^  the  output  as  it  is  vented  into  a  transparent 
motor  casing. 

4.  The  FLAME  PATOERN  Assumed  by  the  ^tput  Products  - 

based  on  a  photographic  study  of  the  igniter  output 

flame . 

II.  DETERMINATION  OP  IGNITER  INTERNAL  BALLISTICS 

Relationships  that  can  be  used  to  predict  the  pressuriza¬ 
tion  of  the  "Hl-Lo"  igniter  by  the  ignition  combustion  products 
are  of  value  for  two  reasons:  (l)  the  pressure-time  data  can  be 
used  to  determine  what  is  vented  from  the  igniter;  that  is,  the 
output  characteristics,  and  (2)  information  on  the  internal 
ballistics  of  this  type  of  igniter  can  be  used  to  design  modi¬ 
fied  or  scaled-up  versions  of  the  igniter  with  a  minimum  of 
trial  and  error  experimentation.  This  section  will  describe  two 
methods  that  have  been  used  at  NOL  to  predict  the  pressurization 
of  the  igniter.  One  method  is  based  on  a  theoretical  descrip¬ 
tion  of  the  production  and  venting  of  the  igniter  combustion 
products  and  results  in  a  predicted  pressure-time  curve.  For 
use  in  this  theoretical  study  (and  other  ballistic  analyses), 
experiments  were  run  to  determine  the  ballistic  and  thermody¬ 
namic  properties  of  the  ignition  materials.  The  second  method 
predicts  maximum  igniter  pressures  by  means  of  an  empirical 
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correlation  of  various  Igniter  parameters, 

A.  THEORETICAL  PREDICTION  OP  IGNITER  PRESSURIZATION 

A  theoretical  model  was  constructed  (23)  to  describe  the 
Igniter  pressurization  In  terms  of  the  physical,  thermodynamic 
and  ballistic  properties  of  the  Igniter  pellets  and  the  geometry 
of  the  Igniter.  The  object  was  to  develop  equations  expressing 
pressure  as  a  function  of  time  for  the  combustion  of  a  number  of 
solid  cylindrical  pellets.  The  first  model  constructed  was 
based  on  the  usual  assun?)tlons  used  In  ballistic  work  -  that  Is; 

(1)  The  combustion  products  obey  the  perfect  gas  law. 

(2)  No  frictional  or  heat  losses  occur  In  the  Igniter  cham¬ 
ber  or  nozzle. 

(3)  The  Ignition  material  Is  ignited  simultaneously  on  all 
surfaces. 

(4)  The  pellets  bum  according  to  the  steady-stat^  linear 
burning-rate  equation  determined  for  the  material;  l.e., 
no  deviations  from  the  bumlng-rate  equation  occur  as  a 
result  of  rapid  pressure  changes  in  the  Igniter. 

The  bumlng-rate  equation  of  the  pellets  Is 

dX/dt  =  r  =  a  pj  (l) 

where  X  Is  the  distance  burned  Into  the  pellet  at  any  time 

t  Is  time 

r  Is  the  linear  burning  rate  of  the  ignition  material 
a  Is  the  bumlng-rate  constant 
n  Is  the  bumlng-rate  exponent 
Pq  Is  the  Igniter  pressure 

From  geometric  considerations 

S  =  NTr(D^  -  2X)(Lq+  1/2D^  -  3X)  (2) 

where  S  Is  the  total  burning  surface  of  the  pellets 

N  Is  the  number  of  pellets  loaded  In  the  Igniter 
Lq  is  the  Initial  pellet  length 
Dq  Is  the  Initial  pellet  diameter 


and 
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Vp  =  Vg  -  N7r/4(Dj,  -  -  2X)  (?) 

where  V™  is  the  igniter  free  volume  jthe  chamber  volume  minus 
^  the  total  volume  of  pellets) 

Vq  is  the  igniter  chamber  volume 

Writing  a  mass  balance  in  the  igniter: 

MASS  ACCUMULATED  IN  THE  IGNITER  =  MASS  PRODUCED  -  MASS  VENTED 

By  substitution  of  suitable  ballistic  equations  for  each  of  the 
terms  in  the  mass  balance,  the  following  equation  resulted: 

dPg/dt  =  [l(ap"|^  -  CpA^Pg)  -  (PgSaP^)]  /Vp  (4) 

where  p  is  the  density  of  the  pellets 

1  is  the  impetus  of  the  ignition  material  (flame  tempera¬ 
ture  X  ideal  gas  constant/combustion-product  molecular 
weight) 

Cjj  is  the  nozzle  discharge  coefficient 
A^  is  the  nozzle  throat  area 

Equations  1  through  4  were  converted  into  finite  difference 
equations  and  coded  for  solution  on  the  lEM  digital  computer. 

Check  of  Theoretical  Model 


A  number  of  igniter  shots  were  performed  in  an  attempt  to 
duplicate  the  data  obtained  with  the  use  of  the  theoretical 
igniter  model.  Pellets  of  Ignition  Material  B  were  used  in 
this  check.  The  pressure  developed  in  the  Igniter  was  measured 
for  shots  in  which  the  following  ignition  material  and  igniter 
parameters  were  systematically  varied:  the  weight  of  ignition 
material  used  in  the  shot,  M  ;  the  chamber  volume  of  the  icniter, 
V  :  the  size  of  the  cylindrical  igniter  pellets,-!  (length), 
D^(dlameter)  and  L/D  (ratio);  and  the  throat  area  of  the  igniter 
nozzle,  A^.  The  maximum  pressures  obtained  for  the  shot  series 
are  summarized  in  Table  3.  Most  of  the  listed  pressures  repre¬ 
sent  an  average  of  two  or  more  shots. 

Comparison  of  the  experimental  and  theoretical  shot  data 
indicated  that,  with  the  exception  of  a  few  shot  conditions, 
such  as  those  presented  in  Fig.  4,  significant  disagreement 


15 


NOLTR  62-189 


EXPERIMENTAL 


■OMf 

i 

it**** 

ill 

••«*** 

■■••••••a ■••••••■«• 

aaaaaaaaaaaaMaaM* 

liiji 

1: 1 

■  i 

iiSb 

TIME 


72  PELLETS  OF  IGNITION 
MATERIAL  B 
Lq  =  .266  IN 
104 


Dn  = 


IN 


(0.675  CM) 
(0.264  CM) 


THEORETICAL 


A,  =  .01227  IN^  (0.0793  CM^) 


TIME 


74  PELLETS  OF  IGNITION 


TIME 


MATERIAL 

B 

LU 

Lo  =  266 

IN, 

(0.675 

CM) 

q: 

Z) 

o 

II 

o 

Q 

IN 

(0.264 

CM) 

CO 

W) 

A,  =  0491 

IN^ 

(0.317 

cm2) 

UJ 

cr 

a. 

TIME 


ill 

Hi 


15  PELLETS  OF  IGNITION 
MATERIAL  B 
Lq  =  .379 
Do  =  .189 


=r  At 


IN  (0.962  CM) 
IN  (0.480  CM) 
.02761  IN^  (0.178  CM^ 


TIME 

THIS  FIGURE  SHOWS  CORRESPONDING  EXPERIMENTAL  AND  THEORETICAL 
PRESSURE  TIME  CURVES  FOR  THREE  DIFFERENT  IGNITER  FIRINGS.  THE 
VERTICAL  AND  HORIZONTAL  GRID  LINES  REPRESENT  17  ATMS  AND  5 
MILLISECONDS,  RESPECTIVELY 


FIG  4  THEORETICAL  AND  EXPERIMENTAL  PRESSURE-TIME  CURVES  FOR 
THE  "HI-LO"  IGNITER 
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occurred  between  predicted  and  measured  pressure  data.  The 
theoretical  pressures  of  Pig.  5  v/ere  computed  with  the  use  of 
an  "adjusted”  Impetus  value  to  give  the  best  agreement  between 
the  experimental  and  theoretical  results.  To  explain  the  dis¬ 
crepancies,  the  assumptions  used  In  the  construction  of  the 
theoretical  model  were  carefully  evaluated.  It  v;as  believed 
that  the  deviations  In  the  pressure  data  could  be  attributed 
mainly  to  three  factors.  First,  the  theoretical  burning-rate 
laws  for  the  pellets  may  not  hold  when  the  pressure  Is  varying 
rapidly.  Some  evidence  does  exist  vjhlch  links  burning-rate 
deviations  with  pressure  transients  (21).  Second,  the  combus¬ 
tion  products  from  the  Ignition  material  will  deviate  from  the 
ideal  gas  law  when  the  products  contains  significant  amounts 
of  non-gaseous  materials.  Third,  deviation  from  the  theoretical 
value  of  the  discharge  coefficient  might  occur  as  a  result  of 
heat  losses  to  the  igniter  parts,  non -equilibrium  combustion  and 
nozzle  inefficiency.  Fourth,  the  Impetus  Of  the  ignition  mater¬ 
ial  Is  also  affected  by  any  heat  losses. 

The  fundamental  studies  undertaken  to  quantitatively 
evaluate  the  first  three  of  these  factors  are  discussed  In  the 
follov^lng  section. 

B.  EXPERIMENTAL  STUDIES  OF  IGNITION  MATERIAL  BALLISTIC  AND 
THERMODYNAMIC  PROPERTIES 

Experimental  studies  were  undertaken  to  determine  the 
ballistic  (discharge  coefficient  and  burning  rate)  and  thermo¬ 
dynamic  (equatlon-of-state)  properties  of  the  Ignition  materials. 
The  results  of  these  studies  were  used  In  the  theoretical  study 
described  above  and  In  the  ballistic-output  analysis  discussed  In 
Section  III  A2. 

1.  Discharge  Coefficient.  Ideally,  the  nozzle  discharge 
coefficient,  of  ^  propellant  or  pyrotechnic  material  depends 
only  on  the  thermodynamic  properties  of  the  combustion  products; 
primarily,  the  combustion  tenperature  and  molecular  weight  of  the 
products  and  secondarily,  the  product  specific  heat  ratio. 

Studies  were  made  to  determine  the  extent  and  the  nature  of  the 
deviations  from  the  theoretical  Cjj  that  may  take  place  in  the 
Igniter.  Two  types  of  deviations  are  of  interest:  (l)  devia¬ 
tions  in  Cj>  at  different  igniter- shot  conditions  and  (2) 
devlatlons^ln  Cp  during  a  shot. 

a .  Variation  of  C|^  With  the  Shot  Condition 

The  determination  of  Cj.  for  the  three  Ignition  materials 
was  made  with  the  use  of  a  standard  ballistic  equation: 
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FIG.  5  A  PLOT  OF  NOZZLE  DISCHARGE  COEFFICIENT  VS  IGNITER  MAXIMUM 
PRESSURE  FOR  M2  IGNITION  MATERIAL 


NOLTR  62-189 


S  =  (5) 

where  is  the  weight  of  ignition  material  used  in  the  shot 
is  the  nozzle  throat  area 

(/Pdt).  .  ,  is  the  value  of  the  pressure-time  Integral  (area 
torai  pressure-time  curve) 

The  major  assumptions  Involved  in  the  use  of  Eq,  5  are:  (l)  no 
heat  losses  in  the  Igniter,  (2)  no  friction  losses  in  the  nozzle 
and  (3)  ideal  gas  behavior  of  the  combustion  products. 

It  is  believed  that  the  main  reason  for  deviations  in  Cj.  is 
the  loss  of  heat  to  the  igniter  parts.  To  explore  the  effects 
of  these  heat  losses,  an  attempt  was  made  to  correlate  values 
determined  v;lth  the  use  of  Eq,  (5)  to  igniter  shot  parameters 
that  might  control  the  heat- transfer  process.  Tv;o  such  parame¬ 
ters  should  be  the  gas  density  (inversely  proportional  to 
pressure)  in  the  igniter  and  the  time  duration  of  the  shot.  The 
results  of  correlations  involving  the  pressure  are  given  in 
Figures  5  and  6  in  vjhich  Cjj  is  plotted  against  the  maximum 
pressure,  developed  in  a  variety  of  igniter  shots  using 

pellets  of  M2  and  Ignition  Material  B  (see  Tables  2  and  ;5). 

Most  of  the  M2  data  came  from  tests  in  which  the  igniter 
was  discharged  into  a  non-vent  vessel.  Since  the  igniter  was 
vented  into  a  closed  chamber,  the  final  igniter  pressure  was 
greater  than  atmospheric.  Consequently,  a  small  correction  was 
necessary  to  allow  for  gas  accumulation  in  the  igniter  chamber 
at  the  final  pressure.  This  was  done  by  subtracting  from  M  the 
quantity  of  gas  accumulated  -  as  calculated  from  the  perfect  gas 
law. 


For  both  M2  and  Ignition  Material  B,  Cjj  is  effectively 
constant  above  I50  atms.  Below  this  pressure  the  Cj.  values 
increase  sharply:  at  lower  pressures  the  relative  effect  of  the 
heat  losses  becomes  greater  as  a  result  of  the  decreased  ratio 
of  product  density  to  heat-transfer  surface  in  the  igniter. 

Mean  values  of  Cj^  for  these  materials  over  a  range  of  maximum 

pressures  from  I50  to  400  atm.  are: 

p 

M2  ...  6.71  gV sec -atm- cm 

Ignition  Material  B  ...  8.78  "  " 

This  range  of  maximum  pressures  will  be  used  in  the  ignition  of 
the  NOL  test  ijocket. 
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In  the  case  of  M2  material,  a  comparison  of  the  experimen¬ 
tal  Cjj  was  made  to  the  theoretical  value  calculated  from  the 
isobarlc  flame  temperature,  the  specific  heat  ratio  and  the 
molecular  weight  reported  for  the  M2  combustion  products  (10). 
The  calculated  value  of  6.42  gm/sec-atm-cm^  compares  quite 
favorably  with  the  experimental  value. 

b.  Variation  of  During  a  Shot 

Studies  have  been  started  to  determine  the  deviation  in 
during  a  shot.  For  this  analysis,  the  experimental  data  from 
the  non-vent  vessel  shots  described  in  Section  III  A2b  are  used. 
The  pressure  probe  in  the  igniter  is  synchronized  with  a  probe 
placed  a  short  distance  downstream  from  the  igniter  in  the 
vessel.  It  is  assumed  that  the  probe  in  the  vessel  instantan¬ 
eously  "senses"  any  change  in  the  igniter  pressure.  (Because 
of  the  very  small  volume  of  the  Igniter  combustion  chamber  and 
nozzle,  a  change  in  the  igniter  pressure  is  almost  simultaneous¬ 
ly  reflected  in  a  change  in  the  Igniter  output  to  the  vessel.) 

The  Cjj  analysis  consists  of  three  steps.  First,  the  mass 
output  rate  over  small  time  Intervals  is  determined  from  the 
pressure -and  temperature- time  data  for  the  igniter  output  in 
the  vessel  with  the  use  of  the  ideal  gas  law.  Next,  a  value  of 
the  pressure-time  integral  of  the  igniter  corresponding  to  any 
output  Interval  is  determined  by  superimposing  the  pressure-time 
trace  measured  in  the  vessel  on  that  measured  in  the  Igniter. 
Lastly,  the  values  of  the  pressure-time  Integral  and  mass  output 
for  each  time  interval  are  substituted  in  the  following  incre¬ 
mental  form  of  Eq,(5)  to  obtain  Cp  values  during  the  shot; 

Cp(t)  =  (6) 

where  Am  is  an  Increment  of  mass  output  from  the  igniter  added 
to  the  non -vent  vessel 

T  is  the  time  interval 

This  analysis  is  performed  on  the  igniter  pressure-time  trace 
from  the  beginning  to  the  end  of  the  venting  process.  The 
venting  times,  as  determined  from  the  vessel  pressure  (time 
from  zero  pressure  to  maximum  vessel  pressure),  appear  to 
correspond  to  zero  pressure-to-zero  pressure  times  in  the 
igniter  for  the  igniter  shots  studied  so  far. 
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2.  Gaseous  Equation  of  State.  Ignition  material  combustion 
products  containing  large  amounts  of  non-gaseous  materials  will 
not  behave  as  ideal  gases.  Furthermore,  at  the  high  pressures 
developed  in  the  igniter,  deviations  from  the  perfect  gas  law  may 
occur.  Therefore,  a  study  was  undertaken  to  determine  with  what 
degree  of  approximation  the  ideal  gas  law  could  be  applied  to  the 
use  of  Ignition  Materials  B  and  C  in  the  Igniter. 

A  closed-bomb  apparatus  was  used  in  this  study.  The  bomb 
was  adapted  from  one  used  in  a  previous  NOL  ignition  study  (for 
design  details  see  Ref.  I3).  Various-size  metal  plugs  were  made 
to  vary  the  bomb  chamber  volume,  V«.  Shots  were  made  in  which 
the  packing  density  (ratio  of  ignition  pellet  weight,  M  ,  to 
bomb  chamber  volume)  was  varied  by  using  different  combinations 
of  Mq,  Yq  and  pellet  sizes.  A  quartz  pressure  transducer  was 
used  to  monitor  the  bomb  pressure. 

The  evaluation  of  the  ideality  of  the  combustion  products 
was  made  by  analyzing  the  maximum  pressures  developed  in  the 
bomb  according  to  various  "standard"  equations  of  state.  The 
object  was  to  determine  which  equation  best  "fit"  the  experimen¬ 
tal  pressure  data. 

To  demonstrate  the  use  of  this  method  of  analysis,  the 
bomb  data  obtained  for  a  large  number  of  shots  using  Ignition 
Material  B  were  analyzed.  Shot  conditions  v/ere  varied  to  give 
maximum  bomb  pressures  ranging  from  25  to  67O  atm.  The  follow- 


Ing  equations  of  state  were  used 
experimental  data; 

in  the  evaluation  of  the 

P  =  IjA 

Ideal  (neglecting  volume 
of  Ignition  material) 

(7) 

P  =  I^jA/I-^A 

Co -Volume 

(8) 

P  =  i^a" 

Exponential 

(9) 

P  =  lyA  +  EA^  + 

FA^  .  Vlrial 

(10) 

where  P  is  the  bomb  pressure 

A  is  the  packing  density 

7  is  the  co-volume  value  for  the  Ignition  Material  B 
'  (29.8  In^lbm) 

I  is  an  "impetus"  of  the  ignition  material 
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E  and  P  are  constant  coefficients  (2,01  x  10^  Ibf-inV 
Ibm^  and  -5,68  x  lO^lbf-lnVllJm^#  respectively, 
for  Ignition  Material -B) 

c  is  a  constant  coefficient  (1,295  f’or  Ignition  Material  B) 

The  impetus  values  determined  from  the  experimental  data 
will  be  different  for  each  of  these  equations  of  state.  For 
purposes  of  analysis.  Equations  7  through  10  were  put  in  the 
following  general  form: 

P/A  =  f(l,A)  (11) 

The  bomb  data  was  then  analyzed  in  terms  of  each  of  these  P/a 
equations.  (The  IBM  digital  computer  was  used  for  this 
analysis.)  The  results  are  presented  in  Pig.  7  along  with  the 
experimental  data  points.  Prom  this  figure  it  is  clear  that  the 
Vlrlal  and  not  the  ideal  equation  of  state  is  the  best  fit  of 
the  bomb  data  used. 

However,  because  of  heat  losses  that  occur  in  the  bomb, 
more  study  was  needed  to  confirm  the  above  results.  These  heat 
losses  are  most  significant  for  the  low-pressure  shots.  One 
way  to  correct  for  the  losses  is  to  use  a  method  suggested  by 
Sternberg  (I8).  In^this  method,  the  heat  losses  at  any  time  are 
assumed  to  be  directly  proportional  to  the  rate  of  pressure 
change  occurring  in  the  bomb.  The  proportionality  constant  for 
this  relationship  can  be  derived  from  the  "tail-off"  portion  of 
the  pressure  trace,*  i.e.,  the  drop-off  in  pressure  after  the 
maximum  pressure  is  reached.  (The  maximum  pressure  corresponds 
to  the  "burn-out"  of  the  igniter  pellets.)  Preliminary  work 
has  been  done  to  program  this  heat-correction  technique  for 
solution  on  the  IBM  coiiputer. 

5.  Burning  Rates.  A  study  was  made  to  determine  the 
burning-rate  characteristics  of  ignition  materials  used  in  the 
ignition  work.  The  primary  object  of  the  study  was  to  determine 
whether  deviations  from  the  standard,  linear  burning-rate  law 
occur  as  a  result  of  the  rapid  pressure  changes  that  take  place 
in  the  igniter.  A  secondary  goal  was  to  determine  burning  rates 
at  pressures  not  reported  in  the  literature. 

The  closed-bomb  apparatus  discussed  in  the  previous  section 
was  used  for  the  study.  The  bomb  was  operated  at  high  maximum 
pressures  (>400  atm)  to  effectively  eliminate  heat  losses  to  the 
bomb  walls  during  most  of  the  shot.  An  analytical  program 
(coded  for  the  IBM  con^uter)  has  been  constructed  to  con5)ute 
burning  rates  (r)  as  a  function  of  pressure  (P)  and  pressure 
rate  (dP/dt)  from  the  bomb  pressure-time  data,  the  geometry  of 
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FIG.  7  AN  ANALYSIS  OF  THE  GASEOUS  EQUATION  OF  STATE  FOR  IGNITION 
MATERIAL  B  USING  CLOSED-BOMB  EXPERIMENTS 
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the  Igniter  pellets  and  the  equation  of  state  for  the  pellet 
combustion  products.  Starting  at  zero  pressure,  the  build-up 
of  pressure  in  the  bomb  over  small  time  Intervals  (dt)  is 
related  to  the  amount  of  ignition  material  that  must  be  burned 
to  produce  the  pressure  change.  (For  M2  material,  the  ideal  gas 
law  is  used  in  these  calculations:  for  Ignition  iJiaterials  B  and 
C,  equationsof  state  derived  in  the  preceding  section  will  be 
used;.  From  the  geometric  relationships  for  the  pellet  shape, 
the  mass  of  Ignition  material  consumed  over  the  time  Interval  is 
related  to  the  distance  burned  (dx)  into  the  pellet.-  In  this 
calculation,  it  is  assumed  that  the  pellets  are  burning  uniform¬ 
ly  over  the  entire  pellet  surface.  These  analyses  are  performed 
on  the  bomb  pressure-time  recor(d  from  zero  "to  maximum  pressure. 
At  maximum  pressure  it  is  assumed  that  the  pellets  have  all  been 
consumed.  For  each  time  Interval,  the  burning  rate  (r  =  dx/dt) 
is  related  to  the  mean  pressure  and  rate  of  pressure  rise  over 
the  interval. 

To  date  only  preliminary  runs  have  been  made  with  the 
burning-rate  program.  Based  on  the  results  of  these  runs, 
further  refinement  in  the  mechanics  of  the  programming  is 
indicated. 

C.  EMPIRICAL  CORRELATION 

Because  of  the  difficulties  involved  in  developing  a 
"workable"  theoretical  igniter  model  (see  Sections  II,  A  and  B), 
it  was  decided  to  attempt  the  development  of  empirical  relation¬ 
ships  as  an  alternate  means  of  predicting  the  igniter  pressuriz¬ 
ation,  The  main  goal  was  to  correlate  the  maximum  pressures, 
developed  in  the  igniter  over  a  wide  range  of  igniter 

shot  conditions. 

Various  igniter  correlating  parameters,  and  combinations  of 
parameters,  were  tried  on  the  basis  that  the  pressurization  of 
the  igniter  would  display  characteristics  of  both  rocket  and 
closed-bomb  internal  ballistics.  The  best  correlation  found  was: 

('■c'max  =  BCKa)”  (12) 

where  K  is  equal  to  S^/A^,  the  ratio  of  the  initial  pellet 
area  to  the  nozzle  throat  area 

A  is  equal  to  the  ratio  of  total  pellet  weight 

to  the  free  volume  of  the  igniter  (chamber  volume  minus 
initial  pellet  volume) 
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B  is  a  coefficient,  constant  for  a  particular  ignition 
material 

b  is  an  exponent,  constant  for  a  particular  ignition 
material 

The  K  factor  is  found  in  the  steady-state  relationship  for 
rockets: 

1 

P  =  (appSo/Vt^”^ 

where  a  is  the  buming-rate  coefficient  of  the  propellant 
n  is  the  burning-rate  exponent  of  the  propellant 
pp  is  the  propellant  density 

Cjj  is  the  nozzle  discharge  coefficient  of  the  propellant 

V. 

The  Ai  or  "packing-density”  term,  is  analogous  to  that  used  in 
the  closed-bomb  work.  However,  in  the  case  of  the  Igniter,  the 
volume  of  the  pellets  is  significant  compared  to  the  igniter 
chamber  volume. 

The  experimental  shot  data  are  presented  according  to 
Eq.  (12)  in  the  log-log  plots  of  Figures  8  (M2  material),  9 
(Ignition  Material  B)  and  10  (Ignition  Material  C).  The  data 
of  Tables  2,  3#  and  4  were  used  to  prepare  these  plots  of 
(Pp)  vs  KA.  The  solid-line  curve  was  obtained  by  a  least- 
squaris  analysis  of  the  data.  The  dashed  lines  represent 
standard  errors-of-estimate  limits  of  ±2  from  the  least-squares 
curve;  that  is,  95^  of  the  data  would  fall  between  the  dashed 
lines  for  a  normal  Gaussian  distribution, 

III.  DETERI4INATI0N  OF  IGNITER  OUTPUT 

It  has  been  mentioned  that  the  "Hi-Lo"  Igniter  functions 
as  a  small  rocket;  thermal  energy  is  produced  in  the  combustion 
chamber  and,  as  the  reaction  products  are  expanded  through  the 
nozzle,  lome  of  the  thermal  energy  is  converted  into  kinetic 
energy.  The  effective  use  of  the  Igniter  as  an  ignition- energy 
source  depends  on  a  knowledge  of  the  thermal  and  kinetic  energy 
vented.  In  addition,  an  understanding  of  the  nature  of  the 
flame  pattern  assumed  by  the  output  is  desirable.  This  section 
will  describe  the  theoretical  and  experimental  methods  used  to 
characterize  the  output  in  terms  of  the  following  parameters; 

1.  The  quantity  and  rate  of  MASS  vented 
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FIG.  8  A  PLOT  OF  IGNITER  MAXIMUM  PRESSURE  VS  KA  FOR  M2  IGNITION  MATERIAL 
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FIG.  10  A  PLOT  OF  IGNITER  MAXIMUM  PRESSURE  VS  KA  FOR  IGNITION  MATERIAL  C 
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•  2.  The  quantity  and  rate  of  THERMAL  ENERGY  vented 

The  EXIT  VELOCITY  of  gaseous  and  non-gaseous  products 

4.  The  FLAME  PATTERN  of  the  vented  products 
A.  MASS  OUTPUT 

The  characterization  of  the  mass  discharged  from  the 
Igniter  during  a  shot  will  be  discussed  In  terms  of  the  quantity 
vented  and  the  rate  of  venting. 

1.  Quantity  of  Mass.  The  total  quantity  of  mass  (^^) 
vented  during  a  shot  must  be  corrected  for  any  loss  of  Igniter 
products  by  deposition  of  the  products  on  the  Igniter  parts 
(combustion  chamber,  screen,  nozzle).  The  deposited  materials 
are  In  the  form  of  solids  and  condensed  vapors  of  metals  and 
metal  oxides. 

In  the  case  of  Ignition  Materials  B  and  C,  which  pro¬ 
duce  large  amounts  of  non-gaseous  combustion  products  (see 
Table  1),  a  significant  loss  of  mass  can  occur  under  some  shot 
conditions.  This  was  found  to  be  as  much  as  50^  by  weighing  the 
Igniter  parts  before  and  after  a  shot.  Therefore,  an  accurate 
prediction  of  Mg  for  shots  using  these  Ignition  materials  Is 
complicated. 

For  M2  pellets,  however.  It  was  found  that  negligible 
weight  losses  occurred  -  as  was  expected.  Therefore,  the  quan¬ 
tity  of  mass  discharged  during  a  shot  Is  taken  as  the  Initial 
mass  charged  to  the  Igniter  (M  )  minus  any  gas  accumulated  In 
the  combustion  chamber. 

2.  Mass  Output  Rate.  The  mass  output  rate  of  the  Igniter 
can  be  determined  by  both  theoretical  and  experimental  methods. 
The  theoretical  method  makes  use  of  the  theoretical  model 
described  In  Section  IIA.  The  experimental  studies  consist  of 
two  parts;  one,  a  ballistic  analysis  of  the  measured  Igniter 
pressurization;  and  two,  an  analysis  of  the  measured  pressure 
and  temperature  developed  In  a  non-vent  vessel  Into  which  the 
Igniter  Is  discharged.  This  last  method  serves  as  a  "check"  of 
the  other  two  methods. 

a.  Theoretical  Model 

The  theoretical  model  (Section  IIA)  constructed  to  predict 
the  Igniter  pressurization  can  also  be  used  to  determine  the 
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mass  output  rate,  mg,  during  a  shot.  Ideally,  the  Igniter  shot 
condition  (M^,  K,  AJ  can  be  fed  into  the  computer  program  based 
on  the  model  and  the  program  will  "print  out"  vs  time  data 

for  the  shot.  The  term,  in  Eq,  (4)  is  directly  Involved 

in  this  computation.  ^ 

In  practice,  however,  the  theoretical  prediction  of  output 
is  conplicated  by  several  factors.  These  have  been  discussed  in 
Section  II.  The  development  of  a  workable  theoretical  model 
will  depend  on  successful  solution  of  these  complications, 

b.  Measured  Igniter  Pressurization 

The  measured  pressure-time  history  of  an  igniter  shot  is 
analyzed  according  to  the  following  standard  ballistic  equation 
for  large  rockets; 


In  this  method  it  is  assumed  that  venting  occurs  simultan¬ 
eously  with  the  first  appearance  of  pressure  in  the  igniter; 
that  is,  no  appreciable  hold-up  of  gases  takes  place  prior  to 
venting.  This  assumption  has  been  verified  in  studies  made  to 
compare  the  response  times  of  two  synchronized  pressure  probes; 
one  in  the  igniter  and  the  other  in  a  short,  non-vent  vessel 
into  which  the  igniter  is  vented. 

Some  typical  results  obtained  with  the  use  of  t^ls  method 
are  given  in  Pig.  11  for  M2  shots.  Plotted  are  the  nig  vs  time 

histories  for  a  number  of  shots  of  different  KA  values.  A  mean 
value  of  Gj.,  obtained  by  the  method  described  in  Section  II  B1 
was  used  to  make  the  calculations. 

The  determination  of  reliable  {fig  data  by  this  method 
depends  mainly  on  two  factors;  (1)  no  deposition  of  igniter- 
product  mass  on  the  igniter  parts,  and  (2)  an  accurate  value  of 
Cp  and  little  or  no  deviation  from  the  Cjj  value  throughout  the 

shot.  In  the  case  of  M2  material,  the  first  criteria  is  met 
(see  Section  III  Al).  Studies  Involving  the  second  factor  are 
described  in  Section  II  B2. 


c.  Pressurization  of  a  Non-Vent  Vessel 

An  experimental  method  is  being  developed  to  serve  as  a 
check  of  the  output  rates  predicted  by  the  theoretical  and 
analytical  techniques  (described  above).  In  this  method  . 
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FIG.  II  A  PLOT  OF  MASS  AND  THERMAL-ENERGY  OUTPUT  RATES  FOR 
IGNITER  SHOTS  USING  M2  IGNITION  MATERIAL 
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the  output  rate  is  calculated  from  the  measured  pressure  and 
temperature  developed  in  a  closed  vessel  into  which  the  igniter 
is  vented.  The  metal  motor  casing  from  the  NOL  research  rocket 
(10.2  cm  ID)  was  converted  into  a  closed  vessel  by  "plugging" 
the  nozzle  end.  As  the  igniter  vents  into  the  vessel,  the 
pressure  and  temperature  of  the  output  in  the  vessel  are  con¬ 
tinuously  monitored  with  fast  response  pressure  probes  and 
thermocouples  placed  at  the  inside-wall  surface  of  the  vessel. 

The  apparatus  used  is  pictured  in  Pig.  12. 

The  pump  shown  in  the  photograph  was  used  to  pull  a  0.05  atm 
(0,9  in.)  vacuum  on  the  vessel  prior  to  firing  the  igniter.  The 
reduced  air  content  minimizes  oxidation  and  thermal -mixing 
effects  between  air  and  the  igniter  output  that  can  complicate 
the  interpretation  of  the  pressure  and  temperature  measured  in 
the  vessel.  In  the  initial  design  of  the  apparatus,  all  parts 
of  the  vessel  erqposed  to  the  igniter  gases  were  covered  with  a 
thin  sheet  of  plexiglass  to  reduce  heat  losses  to  the  walls.  An 
effort  was  made  to  minimize  the  amount  of  heat-transfer  surface 
exposed  to  the  gasesj  however,  it  was  realized  that  if  the  vessel 
is  made  too  small,  the  high  pressures  developed  in  the  vessel 
would  perturb  the  igniter  pressurization.  Such  perturbations 
would  be  most  likely  to  occur  toward  the  end  of  the  venting  pro¬ 
cess  when  the  Igniter  pressure  is  rapidly  approaching  atmospheric 
pressure  and  the  vessel  pressure  is  nearing  its  maximum  value. 

A  typical  record  (recording  oscillograph)  for  a  non-vent 
motor  shot  is  shown  in  Fig.  I5,  Pressure  probes  were  placed  in 
the  fore  and  aft  ends  of  the  vessel  and  in  the  fore  end  of  the 
igniter  combustion  chamber.  In  this  shot,  two  fast-response 
thermocouples  were  positioned  about  half  way  between  the  front 
and  back  of  the  vessel. 

The  analysis  of  the  transient  pressure  and  surface- 
temperature  data  for  a  shot  consists  of  two  steps:  (1)  conver¬ 
sion  of  the  surface-tenperature  data  to  static  gas  temperatures 
and  (2)  conversion  of  the  gas  pressures  and  temperatures  to 
igniter  output-rate  data.  A  detailed  description  of  the  tech¬ 
nique  used  to  convert  surface  temperatures  to  static  gas  tem¬ 
peratures  will  be  covered  in  another  technical  report.  Briefly, 
two  thermocouples  are  placed  at  the  inner  surface  of  the  vessel 
walls  at  the  same  axial  position  from  the  igniter  but  at 
slightly  different  radial  positions  (approx.  3°).  Thus,  both 
thermocouples  "see"  effectively  the  same  heat-transfer 
coefficient  and  adiabatic  wall  temperature.  The  thermocouples 
used  are  manufactured  by  NANMAC  Corp.  (9).  They  consist  of  two 
thin  ribbons  of  iron  and  constantan  electrically  Insulated  from 
each  other  by  thin  sheets  of  mica  and  potted  in  a  base  (matrix) 
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FIG.  12  A  PHOTOGRAPH  OF  THE  NON-VENT  VESSEL 
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FIG.  13  A  TYPICAL  PRESSURE- AND  TEMPERATURE-TIME  RECORD  FOR  A  NON-VENT  VESSEL  SHOT 
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material.  For  this  study,  different  thermal -property  maxtrix 
materials are  used  for  each  thermocouple  resulting  in  different 
energy-absorption  and  surface-tenqperature  characteristics.  The 
surface-tenqperatures  obtained  from  each  thermocouple  for  a  shot 
are  first  used  to  determine  the  rate  of  energy  absorbed  by  the 
matrix  materials.  These  data,  in  combination  with  the  surface 
ten^)erature,  are  then  used  to  calculate  the  adiabatic  wall  temp¬ 
erature  and  the  static  ten^erature  of  the  Igniter  gas. 

Given  the  static  temperature  and  pressure  of  the  gas  in 
the  vessel  during  a  shot,  the  mass  contained  in  the  vessel  at 
any  time,  m(t),  can  be  determined  from  the  ideal  gas  law  and  the 
molecular  weight  of  the  igniter  products. 

m(t)  =  (Pg/Tg)(M.W.  X  V/R)  (15) 

where  is  the  measured  static  gas  pressure  in  the  vessel 

Tg  is  the  calculated  static  gas  temperature 

V  is  the  vessel  volume 

M.W.  is  the  molecular  weight  of  the  gas 

R  is  the  ideal  gas  constant 

The  value  of  m(t)  at  the  maximum  vessel  pressure  (end  of 
venting)  should  be  equal  to  the  weight  charged  to  the  igniter, 

Mqj  provided  mass  is  not  lost  in  the  igniter.  Assuming  ideal 

and  instantaneous  mixing  of  the  igniter  output  with  the 
previously  vented  gases,  the  change  in  mass,  Am,  in  the  vessel 
over  small  time  Increments  (t  =  1.0  mllllsec)  is  equal  to  the 
rate  of  mass  output,  m^,,  from  the  igniter.  That  is: 


^(t)  =  ^  =  m(t+T)  -  m(t)  (16) 

■“  T  T 

The  end  result  of  the  analysis  is  a  plot  of  m^.  vs  time. 

These  data  are  Independent  of  the  heat  losses  or  any  other  non- 
ideal  internal  ballistics  that  might  occur  in  the  igniter.  The 
main  sources  of  error  in  the  technique  will  probably  be  in  the 
determination  of  the  static  gas  ten^erature  and  in  the  assumption 
that  Instantaneous  mixing  of  gases  occur  in  the  vessel. 

B.  OUTPUT  OF  THERMAL  ENERGY 

1.  General.  Data  on  the  thermal  energy  vented  from  the 
igniter  during  a  shot  can  be  determined  from  a  thermodynamic 
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analysis  of  the  production  and  expansion  of  combustion  products 
In  the  Igniter.  The  thermal -energy  characteristics  of  the 
products  at  vented  conditions  can  be  expressed  In  terms  of  an 
''enthalpy"  value.  In  the  general  case,  this  enthalpy  will 
depend  on  the  thermodynamic  properties  of  the  products  at  the 
exit  conditions  of  the  nozzle  -  that  Is: 

where  hg  Is  the  specific  enthalpy  of  the  output 

c  Is  the  average  heat  capacity  at  constant  pressure  of 
^  the  output 

Tg  Is  the  temperature  of  the  output  (at  the  nozzle  exit 
*  plane) 

Pg  Is  the  pressure  of  the  output 

For  an  all-gaseous  igniter  output  ("one-phase"),  a  simpli¬ 
fied  version  of  Eq.  (17)  can  be  used  to  obtain  fairly  accurate 
values  of  hg.  This  Involves  the  following  assumptions:  (l) 
ideal  gas  behavior  of  the  Igniter  products  (ideal  caloric  and 
gaseous  equations  of  state);  (2)  Isentroplc  nozzle  expansion: 

(3)  constant  composition  of  the  flowing  fluid  ("frozen  flow"); 
and  (4)  "full-flow"  In  the  Igniter  nozzle;  l.e.,  no  separation 
of  the  fluid  from  the  nozzle  walls. 

In  the  case  of  an  Igniter  output  containing  large  amounts 
of  non-gaseous  materials  (e.g.,  products  of  Ignition  Materials 
B  and  C),  an  exact  computation  of  the  enthalpy  Is  quite  complex. 

For  example,  some  of  the  factors  that  must  be  considered  are: 

(1)  thermal  and  velocity  lags  between  gases  and  non-gases  In 
the  fluid:  (2)  deposition  of  combustion  products  Inside  the 
Igniter;  (5)  phase  changes;  and  (4)  non-ldeallty  of  the  Igniter 
products.  { 

Because  of  the  above  complications,  the  discussion  of 
methods  used  to  determine  the  quantity  and  rate  of  thermal  i 

energy  vented  from  the  igniter  will  be  restricted  to  one-phase  1 

outputs  (e.g.,  M2  products).  The  determination  of  these  ' 

parameters  Involves  an  analysis  of  the  specific  enthalpy  based 
on  the  temperature  and  specific  heat  of  the  Igniter  products.  1 

a.  Specific  Enthalpy 

The  specific  enthalpy  of  the  igniter  output  can  be  deter¬ 
mined  from  the  change  in  enthalpy  of  the  combustion  products 
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that  occur  between  the  entrance  and  exit  of  the  igniter  nozzle. 

If  It  Is  assumed  that  the  products  behave  as  perfect  gases  and 
are  also  calorlfically  Ideal  (l.e,,  if  the  product  heat  capacity 
does  not  change  with  teinperature  or  pressure)  the  enthalpy 
change  may  be  expressed  as  follows: 

where  hp  is  the  specific  enthalpy  of  the  products  ’in  the 
^  combustion  chamber 

hg  is  the  specific  enthalpy  at  nozzle  exit  conditions 
Tq  is  the  combustion-chamber  pressure  of  the  products 

Also 

ho  “  '!p(Tc  -  Tp)  (19) 

hg  ■ 

where  is  the  base  or  standard  temperature  «  25°C, 

The  assumption  that  the  c^  for  the  M2  products  is  effec¬ 
tively  independent  of  pressure  and  tenperature  appears  to  be 
reasonable.  For  example,  it  has  been  reported  (20)  that  the 
gaseous  c  for  JPN  (a  double-base  composition  similar  to  that 
of  M2)  Is^essentlally  constant  over  a  temperature  range  of  from 
1600  to  28OOOC  and  a  pressure  range  of  from  1  to  almost  7OO  atms. 

b.  Fluid  Tenperatures 

For  a  perfect  gas  undergoing  ideal  expansion,  the  tempera¬ 
ture  at  the  end  of  the  expansion  can  be  computed  from  the 
following  relationship: 

Te  =  T(,(Pj/P(;)  y  (21) 

where  y  is  the  specific  heat  ratio  of  the  igniter  products 

Pq  Is  the  chamber  pressure  of  the  igniter 

To  further  simplify  Eq.  (21)  it  can  be  assumed  that  T^ 
remains  constant  during  a  shot,  i.e,,  does  not  change  appreciably 
from  its  Isobarlc  value.  This  assumption  was  verified  by  calcu¬ 
lating  the  change  in  the  Tq  that  would  result  if  the  reaction 
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products  were  Isentroplcally  expanded  between  the  chamber  free 
volume  prior  to  pellet  ignition  and  the  chamber  volume  at 
"burn-out"  of  the  pellets.  For  typical  packing  densities 
(weight  of  pellets/lnltlal  igniter  free  volume),  it  was  found 
that  Tq  would  vary  by  only  2  ov  %  during  a  shot. 

If  it  is  assumed  that  the  nozzle  "flows-full"  throughout 
the  shot,  then  the  ratio  should  remain  constant  during 

the  shot.  Since  is  effectively  constant,  this  means  that 
for  a  given  nozzle^expanslon  ratio,  Tg  also  remains  constant 
during  the  shot. 

2.  Quantity  of  Thermal  Energy.  The  quantity  of  thermal 
energy  dlschargea,  q^,  in  a  shot  using  M2  material  can  be  deter¬ 
mined  from  the  following  relationship: 

^  .  (22) 

where  Mg  is  the  total  quantity  of  igniter  mass  discharged 
during  the  shot. 

The  determination  of  Mg  is  described  in  the  previous 
section  (III  Al).  For  M2  material  it  was  shown  that  Cp,  Tg  and 

T^  are  essentially  constant  during  a  shot.  It  follows  that  hg 

must  also  remain  constant  during  the  shot.  Therefore,  from 
Equations  (19)  and  (20) 

hg  «  h^j(Tg  -  T^j)/(T(,  -  T^)  «  constant  (25) 

5.  Thermal-Energy  Output  Rate.  The  rate  at  which  thermal 
energy  is  vented,  5  ,  during  a  WS  shot  can  be  determined  from 

data  on  the  mass  output  rate  and  a  differential  form  of  Eq.  (22). 

Qg  =  (dq/dt)g  =  nig.hg  (24) 

where  Jig  is  the  mass  output  rate  for  the  shot. 

The  determination  of  rrig  was  discussed  in  Section  III  A2. 
Values  of  qg  for  each  Sg  can  be  computed  from  the  specific 
enthalpy  of  the  shot  detennined  from  Eq.  (25). 

Values  of  qg  calculated  from  Eq,  (24)  for  some  typical 
M2  shots  are  given  in  Fig.  11.  The  mg  data  was  obtained  with 
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the  use  of  the  method  described  under  Section  III  A2b. 

C.  EXIT  VELOCITY 

Ideally,  the  exit  velocity,  v  for  a  DeLaval  rocket  nozzle 
can  be  determined  from  the  standard  ballistic  equations: 

''e  '  w-  b-  -  f  (23) 

where 

y  Is  the  specific  heat  ratio 

M.W.  Is  the  average  molecular  weight  of  the  Igniter  products 

T^  Is  the  adiabatic,  Isobarlc  flame  teiiqperature  of  the 
^  products 

R  Is  the  universal  gas  constant 
Is  the  Igniter  chamber  pressure 

Pjj  Is  the  nozzle  exit  pressure 

The  ratio  Pg/P-  Is  completely  determined  when  the  nozzle  expan¬ 
sion  ratio,  Ag/A^  (exit -to -throat  area),  and  y  are  fixed, 

Eq,  (23)  Is  based  on  the  assunptlons  that  the  fluid  Is  of 
constant  chemical  composition  throughout  the  e:q)anslon  process, 
that  the  fluid  behaves  as  a  perfect  gas,  that  the  expansion 
process  Is  Isentroplc  and  that  the  Igniter  nozzle  Is  "flowing 
full". 

For  an  Ignition  material  such  as  M2  that  produces  only 
gaseous  combustion  products,  the  use  of  Eq.  (23)  Is  Justified, 
However,  when  evaluating  conposltlons  such  as  Ignition  Materials 
B  and  C  that  produce  non-gaseous  products,  the  determination  of 
exit  velocities  becomes  more  conpllcated.  For  this  reason, 
enplrlcal  as  v/ell  as  analytical  methods  were  adopted  to  evaluate 
the  exit  velocity  for  these  materials, 

1.  Gas  Exit  Velocity.  Standard  ballistic  relationships 
can  be  used  to  calculate  the  exit  velocity  for  the  gaseous 
Igniter  output:  the  exact  equation  used  depends  on  whether  the 
Igniter  products  also  contain  some  non-gaseous  materials. 

For  the  nearly  all-gaseous  combustion  products  of  M2 
material,  Eq.  (23)  can  be  used  to  calculate  the  gas  exit 
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velocity.  In  the  case  of  Ignition  Materials  B  and  C,  the  exit 
velocity  for  the  gaseous  component  of  the  output  can  be  approxi¬ 
mated  by  the  follov/ing  relationship: 


y  =  / 


R 

w 


7-in 

1  -  (Pg/Pc)'^ 


>0.5 

i\ 


(24) 


The  "bar"'  over  7  and  Ml-J  denotes  that  these  variables  are  now 
"v;eighted  averages"  of  the  gases  and  non-gases  contained  in  the 
Igniter  products.  This  equation  assumes  that  the  gaseous  and 
non-gaseous  phases  are  in  thermodynamic  equilibrium  (pee  Section 
III  B) . 


VJith  the  use  of  Equations  (25)  and  (24)  and  standard  tables 
for  Isentroplc  nozzle  expansion  (15))  calculations  were  made  of 
Vg  over  a  practical  range  of  expansion  ratios  (A^/A^).  For  M2 

products,  Vg  varies  from  1040  to  2840  m/sec  for  an  expansion- 
ratio  range  of  1.0  to  101.  For  the  gaseous  products  of  Ignition 
Materials  B  and  C,  Vg  varies  from  about  I6OO  to  2000  m/sec  for 
an  expansion  range  from  7.5  to  101, 


2.  Exit  Velocity  of  Non-Gaseous  Products.  The  determina¬ 
tion  of  the  exit  velocity  for  the  hon-gaseous  (liquids  and 
solids)  materials  in  an  expanding;  fluid  is  complicated  by  the 
fact  that  the  gases  and  non-gases  are  usually  net  in  velocity 
equilibrium.  Under  these  conditions,  an  analytical  treatment  of 
the  non-gas  velocity  similar  to  that  used  for  the  gas  velocities 
is  prohibitively  complex,  Foi^  this  reason,  an  empirical  method 
v/as  used  to  evaluate  the  exit  velocity  for  the  non-gaseous  out¬ 
put  of  Ignition  Materials  B  and  C, 


The  experimental  equipment  used  consisted  of  a  long  trans¬ 
parent  (plexiglass)  tube  with  an  inside  diameter  of  approximately 
10.16  cm  (4,0  in.).  The  igniter  v;as  attached  to  one  end  of  the 
tube.  The  other  end  of  the  tube  v/as  open  to  the  atmosphere; 
thus,  the  igniter  products  vented  into  the  tube  "sav;"  a  constant 
back  pressure  as  they  moved  dovm  the  tube.  The  movement  of  the 
igniter  output  past  calibrated  tape  marks  dovm  the  tube  v/as 
photographed  with  a  high-speed  camera  (15OO  frames/sec.).  The 
apparatus  is  pictured  in  Fig.  l4.  By  analysis  of  the  film,  the 
time  required  to  move  from  mark  to  mark  on  the  tube  was  used  to 
calculate  an  average  longitudinal  particle  velocity  betv/een  the 
calibration  marks.  The  particle  velocity  at  nozzle  exit  condi¬ 
tions  v/as  approximated  by  using  the  value  determined  a  fev/ 
inches  dov/nstream  from  the  igniter.  Another,  more  reliable. 
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FIG.  14  A  PHOTOGRAPH  OF  THE  TRANSPARENT  MOTOR  AND  HIGH-SPEED  CAMERA 
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method  used  to  determine  the  exit  velocity  v/as  to  plot  the 
average  longitudinal  velocities  vs  the  distance  dovm-stream 
from  the  Igniter  and  extrapolate  the  plot  back  to  exit  condi¬ 
tions.  Such  a  plot  for  Ignition  Materials  B  and  C  Is  shovm  In 
Pig.  15  for  a  nozzle  expansion  ratio  of  12.5.  Extrapolation  of 
the  curves  resulted  In  an  approximate  exit  particle  velocity  of 
150  m/sec  for  both  compositions. 

It  Is  Interesting  to  note  the  extreme  velocity  lag  between 
the  particles  and  gases  for  the  shots  -  l.e.,  about  120  m/sec 
compared  to  approximately  I900  m/sec  for  the  gas  exit  velocities. 

D.  FLAME  PATTERN 

The  pattern  assumed  by  the  Igniter  products  as  they  are 
vented  from  the  Igniter  can  be  of  Importance  In  determining  the 
distribution  of  the  products  In  a  rocket  motor.  For  this  reason, 
a  study  was  undertaken  to  determine  the  relationships  between  the 
flame  pattern  and  the  Igniter  shot  condition  for  the  three 
Ignition  materials  and  to  see  how  much  control  of  the  pattern  was 
possible  with  the  present  Igniter  design. 

In  this  report,  flame  pattern  Is  defined  as  the  shape  and 
hydrodynamic  characteristics  of  the  "Jet"  of  hot  gases  and  par¬ 
ticles  vented  from  an  igniter  nozzle.  When  an  Igniter  Is  mated 
with  a  rocket,  the  Igniter  flame  pattern  characteristics  will 
depend  on  many  factors.  Some  of  the  more  Important  of  these  are: 
the  exit  pressure,  Pg,  of  the  output  (a  function  of  the  Igniter 
chamber  pressure  and  nozzle  expansion  ratio);  the  exit  velocity, 

Vg,  of  the  output  (a  function  of  igniter  expansion  ratio);  and  the 

back  pressure,  P^,  on  the  output.  For  example,  the  ratio  of  Pg  to 
P^  will  determine  whether  the  Igniter  output  products  will  be  In 

an  under-expanded,  over-e;q)anded,  or  normally-expanded  state  as 
they  are  discharged  from  the  nozzle.  Each  mode  of  expansion 
results  In  a  characteristic  flame  pattern;  over-expansion  gives  a 
turbulent,  homogeneous  (with  regard  to  temperature  and  gas  density) 
Jet,  under-expansion  gives  a  somewhat  narrower  Jet  consisting  of 
a  system  of  well-defined  expansion-contraction  waves  and  normal 
expansion  gives  a  pattern  that  Is  Intermediate  between  over-and- 
under  e:qpanslon.  The  "fine  details"  of  the  Jet  resulting  from 
each  expansion  mode  Is  believed  to  be  defined  by  such  parameters 
as  the  exit  velocity,  exit  pressure,  and  back  pressure. 

As  an  Igniter  output  parameter,  the  flame  pattern  Is  studied 
from  the  standpoint  of  the  various  patterns  that  result  when  the 
Igniter,  at  different  shot  conditions.  Is  vented  into  an  essen¬ 
tially  constant-pressure  environment.  The  results  of  this  study 
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FIG.  15  A  PLOT  OF  NON-GAS  VELOCITY  OF  IGNITER  OUTPUT  VS  AXIAL 
DISTANCE  IN  THE  TRANSPARENT  MOTOR  INTO  WHICH  THE 
IGNITER  IS  VENTED. 
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will  be  used  as  a  "starting  point"  for  studying  the  effect  on 
the  flame  pattern  of  a  variable  back  pressure  that  occurs  when 
the  igniter  discharges  into  a  vented  vessel  (rocket). 

The  equipment  used  in  this  study  was  a  10. 16  cm  (4.0  in.) 
I.D.  transparent  (acrylic)  tube,  into  which  the  igniter  is 
vented,  and  a  high-speed  camera  (see  Pig.  14).  The  igniter 
shot  conditions  are  varied  through  a  systematic  variation  of 
K,  A,  and  Aj./A. .  In  addition,  for  some  shots  deflectors  were 
placed  in  the  alvergent  section  of  the  nozzle  to  "spread-out" 
or  "crlitqp"  the  flame.  Pictured  in  Pig.  16  is  the  film  for  a 
shot  using  Ignition  Material  B.  The  film  shows  the  build-up  of 
the  flame  (left  side  of  frame)  and  the  movement  of  the  flame 
down  the  transparent  tube.  Although  not  too  apparent  from  the 
black-and-white  copies  of  the  color  film  used,  the  point  of 
greatest  light  Intensity  is  located  at  the  center  of  the  casing 
with  gradations  of  Intensity  toward  the  walls.  This  "profile" 
is  a  result  of  Incandescent  particles  diffusing  through  the 
igniter  Jet  to  the  casing  walls.  Por  some  shots,  pressure  and 
temperature  probes  were  placed  at  the  inside  wall  of  the  motor 
casing.  These  data  were  used  to  supplement  that  obtained  from 
the  film  analyses. 


IV.  SUMMARY 

The  "Hl-Lo"  igniter  used  in  the  NOL  ignition  studies  is  a 
small,  mono-vent  rocket  using  pelleted  ignition  material.  Use 
of  the  igniter  in  scientific  ignition  work  requires  quantitative 
information  on  the  pliysical-chemlcal  and  hydrodynamic  character¬ 
istics  of  the  igniter  output.  Por  this  reason,  studies  have 
been  undertaken  to  evaluate  the  output  in  terms  of  the  following 
parameters:  (l)  the  quantity  and  venting  rate  of  the  igniter- 
product  mass  discharged;  (2)  the  quantity  and  venting  rate  of 
thermal  energy;  (5)  the  velocity  (at  nozzle  exit  conditions)  of 
the  vented  gases  and  non-gases;  and  (4)  the  "flame  pattern" 
assumed  by  the  vented  products.  The  ignition  materials  used  in 
the  study  were  cylindrical  pellets  of  M2  (a  double-base  pro¬ 
pellant),  Ignition  Material  E  (double-base  and  metal  additive) 
and  Ignition  Material  C  (an  oxidizer  and  metal  additive). 

Both  theoretical  and  experimental  techniques  v;ere  used  to 
study  the  output  parameters.  Although  the  original  Intent  was 
to  develop  techniques  that  have  general  application  to  ignition 
materials  of  different  chemical  composition,  en5)hasls  was  later 
placed  on  analyses  of  the  igniter  performance  for  an  essentially 
all-gaseous  output  (M2  ignition  material).  It  was  found  that 
the  use  of  such  a  one-phase  system  greatly  simplified  the  analy¬ 
ses  of  the  igniter  Internal  ballistics  and  output  characteristics. 
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FIG.  16  A  PHOTOGRAPH  OF  THE  IGNITER  OUTPUT  FLAME  MOVING  DOWN 
THE  TRANSPARENT  MOTOR 
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Tv;o  main  approaches  were  used  to  evaluate  the  igniter 
output;  A,  a  study  of  the  transient  internal  ballistics  of  the 
igniter  and  B.  a  study  of  the  output  as  it  is  discharged  into 
vented  or  non- vented  vessels.  These  approaches,  consisted  of  the 
following; 

A.  Determination  of  the  Igniter  Internal  Ballistics  (a 
study  of  the  igniter  pressurization  by  the  ignition-material 
combustion  products). 

(1)  Theoretical  Prediction  of  Igniter  Pressurization. 

A  theoretical  model  was  constructed  to  predict  the  pressuriza¬ 
tion  of  the  igniter  from  the  physical  and  ballistic  properties 
of  the  igniter  pellets  and  the  geometry  of  the  igniter  system. 
Comparison  of  the  calculated  to  the  experimental  pressures  has 
indicated  that  further  refinements  are  needed  in  the  model  to 
describe  :the  completely  transient  pressurization  occurring  in 
the  igniter. 

(2)  Experimental  Studies  of  Ignition  Material  Ballistic 
and  Thermodynamic  l>ropertles.  To  aid  in  the  construction  of  a 
more  realistic  theoretical  model,  studies  v;ere  undertaken  to 
determine  the  non-ideality,  if  any,  in  the  burning  rate,  gaseous 
equation  of  state,  and  the  discharge  coefficient  of  the  ignition 
materials.  The  studies  made  use  of  pressure-time  data  from 
closed-bomb  and  Igniter  shots.  Other  studies  are  being  made  to 
evaluate  possible  changes  in  the . discharge  coefficient  during  a 
shot  as  a  result  of  heat  losses  in  the  igniter  combustion  cham¬ 
ber  or  friction  losses  in  the  igniter  nozzle. 

(3)  Empirical  Correlation.  A  quasl-empirlcal  correla¬ 
tion  was  derived  which  relates  the  maximum  pressure  developed 
in  an  igniter  shot,  for  a  particular  ignition  material,  to  the 
initial  weight  and  burning  surface  of  the  ignition  material,  the 
free  volume  of  the  igniter  combustion  chamber  and  the  igniter 
nozzle  throat  area. 

B.  Determination  of  Igniter  Output 

(1)  Mass  Output.  It  was  found  that  any  determination 
of  the  quantity  ol*  output  mass  must  take  into  account  mass 
losses  Inside  the  igniter  for  shots  involving  Ignition  Materials 
B  and  C. 

Three  methods  were  studied  as  means  of  determining  the  mass 
output  rate  of  the  igniter.  The  first  method  made  use  of  the 
theoretical  model  constructed  to  predict  the  igniter  pressuriza¬ 
tion.  The  second  method  made  use  of  a  ballistic  analysis  of  the 
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measured  igniter  pressurization;  that  is,  rate  =  discharge 
coefficient  x  throat  area  x  igniter  pressure.  The  third  method 
was  based  on  the  measurement  of  temperature  and  pressure  in  a 
non- vent  vessel  into  which  the  igniter  is  vented. 

(2)  Thermal  Energy  Output.  The  quantity  and  venting 
rate  of  thermal  energy  was  detennlned  from  an  analysis  of  the 
production  of  thermal  energy  in  the  igniter  combustion  chamber 
and  the  conversion  of  thermal  to  kinetic  energy  during  the 
Isentroplc  expamslon  of  the  combustion  products  in  the  Igniter 
nozzle. 


Exit  Velocity.  The  exit  velocity  of  gaseous  output 
was  calculated  usli^  standard  ballistic  equations  for  nozzle 
flow.  The  non-gas  velocity  (solids  and  condensed  liquids)  was 
determined  from  a  photographic  study  of  the  igniter  products  as 
they  are  vented  into  a  transparent  motor  casing.  Significant 
velocity  "lag"  between  the  gases  and  non-gases  for  the  output 
of  Ignition  Materials  B  and  C  was  noted. 

(4)  Flame  Pattern.  The  flame  pattern  of  the  igniter 
output  (the  geometry  amd  expansion  characteristics  of  the  output 
let)  was  studied  with  the  use  of  a  high-speed  camera.  SlgnlflT 
cant  variation  of  the  flame  pattern  with  the  shot  condition  was 
observed. 

Most  of  the  data  processing  and  many  of  the  analytical 
methods  described  in  this  report  have  been  coded  for  solution 
on  an  IBM  digital  computer. 


V.  FUTURE  WORK  AND  RECOMMENDATIONS 

Listed  below  are  the  plans  for  future  igniter  evaluation 
work  by  NOL  and  the  recommendations  for  further  Igniter  studies 
by  other  groups.  In  general,  the  NOL  group  will  emphasize 
those  methods  of  evaluating  igniter  performance  that  offer  the 
most  direct  aind  expeditious  means  of  obtaining  reasonably  accur¬ 
ate  output  data.  The  experimental  and  analytical  work  will  only 
Involve  the  use  of  M2  ignition  material. 

A.  Determination  of  Igniter  Internal  Ballistics 

(1)  Theoretical  Prediction  of  ^niter  Pressurization. 

No  further  work  on  the  theoretical  model  to  predict  igniter 
pressurization  is  planned.  The  next  steps  in  the  development 
of  the  model  would  have  Included  a  "check-out"  study  using  M2 
shot  data  and  suitable  modifications  of  the  model  based  on  the 
results  of  the  studies  of  the  ignition  material  properties  (see 
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Section  II  B) . 

(2)  Experimental  Studies  of  Ignition  Material 
Ballistic  and  THeraodynamlc  ^^ropertles.  It  Is  planned  to  con- 
tlnue  the  study  of  the  discharge  coefriclent  and,  In  particular, 
the  variation  of  the  coefficient  during  the  M2  shots.  The 
success  of  this  study  will  depend  on  the  successful  development 
of  a  terperature-energy  program  to  determine  gas  temperatures  In 
the  non-vent  vessel  (see  Section  IIB). 

No  further  closed-bomb  studies  are  planned  to  determine 
gaseous  equations  of  state  or  burning  rates.  In  order  to  make 
the  bomb  programs  operational,  more  work  Is  needed  to  determine 
the  best  means  of  minimizing  and  correcting  for  heat  losses  In 
the  bomb. 


(3)  Empirical  Correlation.  Correlation  of  Igniter 
shot  data  for  ''new"  M2  material  will  be  made  using  the  KL  rela¬ 
tionship  (Eq.  (12)).  The  newly-manufactured  M2  consists  of 
four  different  sizes  of  cylindrical  pellets. 

Another  useful  empirical  characterization  of  the  Igniter 
shot  data  would  be  a  correlation  to  predict  the  Igniter  pressuri¬ 
zation  times;  i.e.,  the  time  to  maximum  pressure. 

B.  Determination  of  Igniter  Output 
(1)  Mass  Output 

a.  Quantity  of  Mass.  A  useful  area  of  study  would 
be  a  quantitative  analysis  of  the "mass-loss"  problem  for  Ignition 
materials  producing  non-gaseous  products.  For  example,  a  trend 
was  noted  between  the  product  mass  lost  In  the  igniter  and  the 
maximum  Igniter  pressure  in  the  case  of  shots  using  Ignition 
Materials  B  and  C. 

b.  Mass  Output  Rate.  Emphasis  will  be  placed  on 
the  determination  of  output-rate  data  based  on  a  ballistic 
analysis  of  the  measured  Igniter  pressurization.  This  method 
will  be  supplemented  by  the  results  of  the  studies  on  the 
pressurization  of  a  non-vent  vessel  into  which. the  Igniter  is 
vented . 


(2)  Output  of  Thermal  Energy 

a.  Quantity  and  Venting  Rate  of  Thermal  Energy. 
Calculation  of  the  thermal  energy  output  for  all  M2  shots  will 
be  made.  Energy-rate  determinations  will  make  use  of  the  mass 
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rate  data  determined  from  the  ballistic  analysis  of  the  igniter 
pressurization. 

(5)  Exit  Velocity 

a.  Ckis  Exit  Velocity.  Calculation  of  the  exit 
velocities  of  all  le  snots  will  be  made. 

b.  Non-Qai  Exit  Vtlooity.  No  further  study  of 
non-gas  velocities  it  pianneci.  An  interesting  study  would  be 
an  empirical  correlation  of  the  non-gas  exit  velocity  in  terms 
of  the  igniter  shot  conditions  and  the  physical-chemical 
properties  of  the  non-gases  (e.g.,  particle  size,  solld-to-gas 
ratio) . 


(4)  Flame  Pattern 

a.  Shots  will  be  made  to  further  characterize  the 
flame  pattern  of  M2  products  at  different  shot  conditions  in  air 
and  in  a  vented  vessel. 

b.  Further  study  would  be  desirable  to  relate  the 
flame  pattern  characteristics  to  the  igniter  ballistic  and  out¬ 
put  parameters;  l.e.,  the  igniter  exit  velocity  and  pressure 
(at  a  given  Igniter  chamber  pressure). 
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